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Abstract Alzheimer’s disease is the most common cause of dementia, accounting for approximately 60-80% of
all dementia cases. Among the genetic risk factors identified, the apolipoprotein E (APOE) gene remains the
strongest and most prevalent, impacting more than half of all Alzheimer’s disease cases. Targeting the APOE gene
with nutrients and natural compounds could potentially benefit Alzheimer’s disease patients. In the search for such
natural-derived compounds, we evaluated the effects of soy-derived estrogenic compounds such as genistein and
daidzein, phospholipid precursors such as inositol and choline, phospholipid phosphatidylserine, and vitamins C and
E as potent antioxidants on APOE gene transcription as well as APOE, APOE4, and Tau proteins expression in cells
cultured in non-inflammatory and pro-inflammatory conditions. The study was conducted on fibroblasts derived
from young and old female Alzheimer’s disease patients and normal human dermal fibroblasts. Depending on
culturing conditions, we observed very distinct patterns of changes of the APOE gene as well as APOE, APOE4, and
Tau protein status, which differed significantly upon treatment with test compounds in the studied cell lines. To our
knowledge, this study is recognizing for the first time, the link between natural compounds and important
biomarkers of Alzheimer’s disease identifying that selective estrogen receptor modulator, daidzein, and carbocyclic
sugar, inositol, as compounds, which might have importance in Alzheimer’s disease, and other dementia or other
brain pathologies. Further in vivo and clinical studies are however warranted to support these findings.
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1. Introduction

Alzheimer’s disease (AD) is a progressive
neurodegenerative disease and the most frequent cause of
memory loss, cognitive deficits, and behavioral changes
accounting for up to 70% of all dementia cases. More than
five million people in the United States are currently
diagnosed with AD, with the estimated cases reaching up
to 16 million by 2050, unless new treatments or
interventions to prevent or delay its onset are identified. [1]
Risk factors of AD and its progression include sex and
aging. Nearly two-thirds of AD cases in the USA are
assigned to post-menopausal women and those with rapid
loss of estrogen. However, the more gradual decrease of
androgens in aging men may run the risk of AD
development as well. Other factors such as increased
plasma triglycerides and low levels of high-density lipids
(HDL) have been linked to increased risk of cognitive
decline and AD as well. [2]

Human apolipoprotein E (APOE, APOE, APOE) is a ~
34 kDa glycoprotein composed of 299 amino acids. [3] Its
gene is polymorphic and consists of three alleles: APOEe2,
APOEe3, and APOEe4, respectively, codifying different
protein isoforms such as APOE2, APOE3 and APOEA4. [4]
These three APOE isoforms have a high level of
homology and differ with only one or two amino acids:
cysteine (C) or arginine (R) within their protein sequence
in positions 112 and/or 158. Thus, APOE2 contains
C112/C158, APOE3 contains C112/R158, and APOE4
contains R112/R158. [5,6] APOE isoforms APOE2,
APOE3, and APOE4 are secreted primarily by the liver,
brain astrocytes, skin, and to a lesser extent by the adrenal
glands and macrophages. [7,8] They play a major and
differential role in the absorption and transfer of dietary
lipids between peripheral tissues to the brain. [9] However,
they not only maintain lipid homeostasis by affecting
cholesterol, triglycerides, and phospholipid metabolism,
but are also involved in other biological processes such as
mitochondrial metabolism, and inflammatory and immune
responses. Also, their expression differs by cell type and
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depends on dietary factors, which underscore their diverse
pleotropic effects. [10,11,12,13,14,15]

Neuropathology studies have revealed that APOEe4
homozygosity inheritance is the major risk in developing
Late Onset Alzheimer's Disease (LOAD) and other
neurodegenerative diseases. Its protein product, APOE4,
has been associated with neuropathological features such
as the presence of amyloid-B (AB) plaque in the
extracellular space and the neurofibrillary tangles (NTF)
in the intracellular space. [16,17] The main components of
NFT are paired helical filaments (PHF) of
hyperphosphorylated, microtubule associated protein Tau.
Tau is a 50 kDa phosphoprotein that in normal conditions
exists in a dynamic equilibrium between microtubule
bound and free state controlled by the extent of its
phosphorylation. It is differentially phosphorylated at over
30 sites in AD brains compared to normal brain tissue and
is a well-established substrate of several kinases, including
GSK-3B, P35, CDK5 and SAPKSs (i.e., p38 and JNK). [18]
In vitro experiments demonstrated that APOE3 binds with
unphosphorylated Tau with stronger affinity than APOE4.
[19] Interestingly, none of these isoforms are bound to
phosphorylated Tau. The interaction occurs between the
APOES3 lipid binding domain and the repeat domain (R) of
Tau, which is also its microtubule binding domain. Also,
hyperphosphorylation of this domain allows the PHF and
thus the NFT formation. This would imply an isoform-
specific interaction between APOE and Tau and the
affinity of these interactions play a protective role from
hyperphosphorylation and self-assembly of Tau. [20]
APOE4 is found in the nucleus and functions as a
transcription factor in the brain cells, binds to promoter of
genes linked to microtubule disassembly, programed cell
death, synaptic function, and aging. [21] It has been
demonstrated that carrying one APOEe4 allele increases
AD risk by 2-3 times, while carrying two APOEe4 alleles
increases this risk 10-12 times, indicating that gene dose is
sufficient to cause AD by age 80. [22,23] Therefore,
efforts to reduce APOE4 protein expression or to change
its function through small molecules structural correctors
are therapeutic strategies for AD. [24,25]

However, it is worth noticing that although APOE4
protein is a risk factor for AD, its pathogenic role is still
unclear. In addition, since APOE4 allele expression is
observed before the clinical onset of dementia, it is
thought that age-related cognitive disorders are associated
with earlier activation of the integrated stress response
signals, most notably oxidative stress, and stressors such
as environmental, metal and/or air pollution. [26,27,28] In
addition, it has been shown that pro-inflammatory
cytokines IL1p and TNFa, secreted by reactive microglia,
are present at the highest levels in patients with a higher
risk of developing AD. [29,30,31] These cytokines are
also involved in activating stress activated protein kinases
(SAPK) such as JNK and MAPK p38 signaling pathways,
which can also be triggered in response to cellular
genotoxic, osmotic, hypoxic, or oxidative stresses.
[32,33,34] Moreover, IL1p and TNFa cytokines signaling
pathways converge on the activation of promoters of
genes related to innate immune inflammatory response
such as granulocyte-macrophage colony stimulating
factor-2 (GM-CSF, CSF2), cyclooxygenase-2 (COX2),
and nitric oxide synthase. [35]

Nutrients and micronutrients affect gene expression in
several ways. They may directly function as ligands for
transcription factors such as vitamin A and vitamin D,
which bind to their cognate receptors, translocate to the
nucleus, and regulate transcription of their target genes.
Dietary phytoestrogens such as the polyphenols genistein
and daidzein that are known as selective estrogen receptor
modulators (SERM), interact with estrogen receptor (ER)
alpha and/or beta (ERa, ERB) promoting conformational
change on the coactivator or corepressor complexes, and
selectively modulate estrogenic responses. [36,37,38]
These interactions are dependent on ER subtype, their
distribution across tissues, and cell type. [39,40] In
addition, other nutrients such as vitamin C and vitamin E,
metabolized in different pathways can alter concentration,
stability, or OX-REDOX state of substrates. [41] Even
moderate micronutrient deficiency, nutrient deprivation,
and redox imbalances stresses can cause genome damage.
[42] In addition, metabolic impact on gene expression of
many natural compounds expressing either pro- or anti-
inflammatory properties should be explored further
regarding their clinical applications in AD. [43]
Expanding research on natural compounds in modulating
gene expression through epigenetic programming
undoubtedly opened a new field of nutrigenomics. [44,45]

In this work we investigated the effects of a different
class of natural compounds including vitamins C and E,
which are potent antioxidants that have been investigated
in relation to neuroinflammatory and neurodegenerative
diseases, [46,47] nutrients involved in lipid metabolism
(choline, inositol) and phosphatidylserine (the major
component of cellular membranes), as well as soy-derived
estrogenic polyphenols genistein and daidzein, and
various plant extracts on expression of APOE at the
mRNA. We also took into consideration the status of
distinguished AD biomarkers at protein levels, such as
APOE, its isoform APOE4, and microtubule associated
protein Tau. We used young and old female dermal
fibroblasts from AD patients as our research model
which, due to their metabolic and biochemical
relationships with neurons and their capacity to be
reprogrammed into neuronal cells, have been used in
studying various neurodegenerative aspects. [48] We
compared them to human normal dermal fibroblasts
(HNDF) from a healthy donor. The effects of test agents
were evaluated under non-inflammatory and pro-
inflammatory conditions (i.e., in the absence of and in the
presence of IL1, respectively).

2. Materials and Methods

Cell lines, test agents, and inhibitors. AG07887 cells
were obtained from Coriell Institute for Medical Research
(Camden, New Jersey, USA), which are skin-derived
fibroblasts from an 18-year-old (at the time of sampling)
female AD donor, with presenile dementia in large
kindred (the donor is 50% at risk for Alzheimer’s disease,
the cell morphology is fibroblast-like). [49,50] The
AG08269 cells were also obtained from Coriell Institute
for Medical Research (Camden, New Jersey, USA), which
are skin-derived fibroblasts from an 82-year-old (at the
time of sampling) female (patient was a clinically
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unaffected member of an Alzheimer’s disease family;
donor’s diseased son and granddaughter were affected; the
cell morphology is fibroblast-like). [51,52] Primary
dermal normal fibroblasts were obtained from ATCC
(Manassas, VA, USA). All cell types were grown in
DMEM/F12 without phenol red (Gibco, USA) medium
supplemented with charcoal stripped, sterile-filtered 10%
fetal bovine serum (Sigma-Millipore, Burlington, MA,
USA), and 1% penicillin-streptomycin at 37°C and 5%
CO,. Chaste tree (Vitex agnus-castus) extract was
purchased from Monterey Bay Spice Company
(Watsonville, CA, USA). Rosemary extract, inositol hexa-
phosphate (food grade), and choline bitartrate (food grade)
were obtained from Powder City (York, PA, USA).
Phosphatidylserine (food grade) and soybean isoflavones
(food grade) powder (containing 40% of isoflavones) were
purchased from Bulk Supplements (Henderson, NV,
USA). Genistein and daidzein (pharmaceutical grade)
were from Sigma-Millipore (Burlington, MA, USA).
Human recombinant interleukin 18 (IL1f) was obtained
from R&D Systems (Minneapolis, MN, USA). The stock
solutions at 1.0 mg/ml concentrations for all test
compounds were done in DMSO.

Cell Culture Conditions and Treatments for RNA
purification. The cells were trypsinized from the original
culture flask, centrifuged at 1200 rpm at 4°C, seeded at
1.0x10° in 35 mm cell culture dishes, and allowed to
attach for 16h. Next, cells were treated for an additional
12h with either 0.001% DMSO (serving as a control) or
with the test compounds (i.e., 1.0 pg/ml vitamin C, 1.0
pg/ml vitamin E, 1.0 pug/ml genistein, 1.0 pg/ml daidzein,
1.0 pg/ml soybean isoflavones, 1.0 pg/ml rosemary
extract, 1.0 pg/ml chaste tree extracts, 1.0 pg/mi
phosphatidylserine, 1.0 pg/ml inositol-hexa-phosphate,
1.0 pg/ml choline-bitartrate), respectively. In pro-
inflammatory conditions, cells additionally were exposed
to 50 pg/ml TIL1B. Next, the cells were either lysed with
RIPA buffer (Cell Signaling Danvers MA, USA)
supplemented with ImM PMSF immediately before and
cell extracts used for western blot or were subjected to
total RNA isolation and purification for RT-PCR analysis,
as described below.

Real-time polymerase chain reaction (RT-PCR).
Total RNA was obtained by standard method using a
RNeasy Plus kit (Qiagen, Germantown, MD, USA)
according to the manufacturer’s instructions. The
concentration of purified RNA was obtained by recording
the absorbance at 260 nm using a Nano-drop 2000c
spectrophotometer (Thermo Fisher, Wilmington, DE, USE)
and the purity and integrity of the isolated RNA was
checked by detecting the A260/A280 ratio (>1.8) and
A260/A230 ratio (>1,5). Equal amounts of isolated RNA
for each set of cells treatments, were reverse transcribed in
total 20 ul reactions with an RT-QuantiTech kit (Qiagen,
Germantown, MD, USA), and 2.0 pl of the resulting
cDNA was amplified in 20 pl of final volume using
QuantiNova SYBR-Green master mix for gRT-PCR in the
Bio-Rad CFX96 thermocycler (Bio-Rad, Hercules, USA).
The PCR program was started by denaturation step at
95°C for 5 min., followed by 40 cycles of denaturation
(95°C for 10s) and combined annealing/extension (60°C
for 30s). A final melting step was performed at 95°C for
10s. Relative expression of the target gene and/or

reference gene obtained from individual treatments
quantification data (Ct) was compared to the
quantification data of non-treated cells (dCt). Relative fold
expression of each sample was calculated with
comparative threshold cycle (2*ddCt) LIVAK method. [53]
Specific primers for target gene APOE and CSF2 as well as
reference (housekeeping) gene GADPH were obtained from
Qiagen (Germantown, MD, USA). Each primer set was
verified by the manufacturer to ensure amplification of a
sole product and high PCR efficiency and their sequence is
proprietary information, but they are commercially
available from Qiagen (Germantown, MD, USA).

Western Blot (WB). Cells were grown in 10 cm plates,
treated for 48h, and then collected, rinsed with 1 x PBS,
and lysed with RIPA buffer (Cell Signaling, Danvers, MA,
USA) supplemented with 1.0 mM PMSF immediately
before use. Cells lysates were next centrifuged at 14,000
rpm at 4°C for 15 min., and protein concentration was
determined with DC Protein Assay (Bio-Rad, Hercules,
CA, USA). Next 15-30 pg/ml of total protein from the cell
extract was resolved on 4-15% gradient polyacrylamide
gel electrophoresis, transferred to a polyvinylidene
difluoride 0.2 um membrane (PVDF membrane, Bio-Rad
Laboratories, Hercules, CA, USA), and probed with
monoclonal antibody against APOE4 conjugated with
HRP at 1:5000 dilution (Novus Biologicals, Co, USA),
monoclonal antibody against APOE at 1:1000 dilution
(Abcam, Cambridge, UK), monoclonal antibody against
Tau at 1:1000 dilution (Novus Biologicals, Co, USA), and
monoclonal anti-GADPH antibodies at 1:1500 dilution.
Target proteins, if necessary, were detected with a
polyclonal HRP-conjugated secondary antibody at 1:1500
dilution (Cell Signaling, Danvers, MA, USA). Signals
were visualized by ECL detection kit (Azure Biosystems,
Dublin, CA, USA) and the images were captured with
Azure Series 600 system and auto-exposure settings.

Statistical analysis. All data are presented as means +
SD (n = 3). All experiments were performed at least three
times each, at least in triplicates. The Student’s two-tailed
t test was used to determine statistically significant
differences set at 0.05 levels. Statistical analysis was
performed using GraphPad software.

3. Results

Considering increased risk of AD in females, we used
dermal fibroblasts from female AD patients of different
ages (i.e., 18 and 82 years old) and HNDF as suitable
model to study an important metabolic aspect of AD,
which includes expression of APOE (Figure 1A) and Tau
proteins. The results presented in Figure 1B show that the
expression level of endogenous APOE transcript differed
among studied cell lines. By comparing percentage of
APOE of gene transcripts in non-treated cells of a young
AD donor, an old AD donor, and normal HNDF
(arbitrarily set at 100%), we noticed that the cells from a
young AD donor contained highest percentage of APOE
transcripts (2500%) per equal amount of total RNA than
non-treated cells from an old AD donor (140%) (Figure
1B). However, cellular level of APOE4 isoform under
non-inflammatory cell culture conditions in all these cell
types did not differ significantly (Figure 1C).
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Effects of individual test agents on APOE expression in
fibroblasts derived from young and old AD individuals
and HNDF cultured under non-inflammatory conditions.

Subsequently, we tested the effects of the selection of
natural compounds on APOE gene expression in skin
fibroblasts from young and old AD donors as well as
HNDF under regular (i.e., non-inflammatory) cell culture
conditions. Figure 2A shows relative expression of APOE
gene transcripts in treated samples compared to non-
treated cell (set up as 100% control). Interestingly, test
compounds differently affected APOE gene expression in
fibroblasts derived from young and old AD donors. Most
of the test compounds had significant inhibitory effects on
APOE gene expression in AD cells ranging between 15%
and 98% compared to control with a few increasing APOE
gene expression by about 46-157%. As such, in cells
derived from a young AD donor, all compounds
significantly down-regulated APOE gene expression,
except for choline, which stimulated APOE gene
expression by 67% compared to control. In cells derived
from an old AD donor, all compounds significantly down-
regulated APOE gene expression, except for daidzein and
chaste tree, and choline, which stimulated APOE gene
expression by 167.5%, 50.5%, and 129%, respectively.
Inositol showed no effect. The inhibitory effects of the
natural compounds on APOE gene expression in HNDF
were observed but less pronounced compared to young
and old AD cells with only rosemary extract showing 68.6%
stimulation of APOE gene expression.

The impact of treatments with these compounds on
APOE, APOE4, and Tau protein levels was evaluated in
the extracts of tested cell lines, as presented on Figure 2B.
The results show that all these cell types expressed APOE,

APOE4 and Tau in an amount detectable by Western blot.
Interestingly however, cells derived from both young and
old AD donors expressed less amount of APOE molecule
when compared to HNDF. The test compounds had
differential and cell specific effects on the expression of
APOE and Tau protein, and they did not affect expression
level of APOE4 molecule.

In cells from a young AD donor, daidzein and inositol
showed inhibitory effect, while genistein and
phosphatidylserine increased APOE molecule levels. The
correlation between APOE gene expression and APOE
protein expression was noticed with daidzein and inositol
only. In old AD cells, all compounds increased APOE
protein level except for vitamin C, which seemed to have
no effect. Interestingly, in HNDF we observed the
opposite, vitamin C showed no effect on APOE protein
level, contrary to its effect on the expression of APOE
gene, and all other test compounds noticeably reduced
APOE protein cellular content.

We also checked the status of Tau protein. The 50 kDa
band on Western blots corresponding to Tau protein was
detected in all cell extracts (Figure 2B). Interestingly, its
level in young AD cells was lower in the presence of
daidzein and phosphatidylserine, and to a lesser degree
with inositol and genistein. Vitamin C and choline showed
no effect. The level of Tau protein in old AD cells was
barely detectable upon treatment with daidzein,
phosphatidylserine, inositol, and choline, but increased
upon treatment with vitamin C and to a lesser degree with
genistein. In HNDF, an opposite effect was observed.
Here, vitamin C had no effect on Tau protein level in
contrast to genistein, daidzein, phosphatidylserine, inositol,
and choline, which increased its level.
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Figure 1. (1A) Rendered image of the APOE protein structural domains as reported by Munoz et al [68]. (1B) Expression status of APOE gene in non-
treated AD fibroblasts and HNDF cultured in non-inflammatory conditions. (1C) Western blot analysis of APOE4 molecule levels in HNDF and AD
fibroblasts cultured in non-inflammatory conditions as described in Materials and Methods section. Significant differences between HNDF and AD

fibroblasts are presented as * p < 0.001
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Figure 2. APOE expression status in AD fibroblasts and HNDF cultured in non-inflammatory conditions. (2A) Effect of different natural compounds on
APOE gene expression at mMRNA level. The status of APOE gene upon treatment of cells with 1.0 pg/ml of selected agents, respectively, for 12h was
assessed with 0.7 pg of mMRNA by RT-gPCR as described in Materials and Methods section. Significant differences between treatment and control are
presented as # p <0.05, A p <0.01, * p <0.001; control - 0.01% DMSO
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Figure 2. B. Western blot analysis of APOE, APOE4, and Tau molecules upon treatment of cells with 1.0 pg/ml of selected agents for 48h, respectively,

as described in Materials and Methods section

Effects of individual nutrients on APOE expression in
HNDF and in fibroblasts derived from young and old
AD individuals cultured under pro-inflammatory
conditions.

Considering that AD pathology includes increased
inflammatory microenvironment, we first confirmed that

CSF2 gene expression increases upon treatment with IL1p,

since it was reported that CSF2 promoter is robustly
induced by IL1B. [35,54] As presented in Figure 3A, the
inflammatory cytokine IL1B induced CSF2 gene
transcription in young, old, and normal fibroblasts, but by
different orders of magnitude compared to non-treated
cells. The strongest induction was observed in fibroblasts
from old AD cells reaching ~16,000-fold increase,
followed with normal HNDF with ~7800-fold increase,
and young AD cells with less than ~ 4000-fold increase in
CSF2 gene expression. Thus, we concluded that all cell
types tested were highly responsive to inflammatory
cytokine IL1p, although to a different degree.
Subsequently we evaluated the effects of test compounds
on the APOE gene expression under inflammatory conditions
(Figure 3B), and towards this, we exposed the cells
simultaneously to IL1B and our test compounds. We
observed that IL1p differently affects APOE gene expression
in the studied cell lines. Although IL1f increased APOE gene
expression in HNDF by about 154.3% compared to

unstimulated cells, it did not significantly affect its expression
in the cells from an old AD donor and had an inhibitory
effect in the cells from a young AD donor (50.3% decrease in
APOE gene expression). Interestingly, at protein level no
differences in APOE4 molecule upon co-treatment with IL1j
and respective test compound was observed in an old AD cell
and HNDF, although in young AD cells, treatment with IL1(3
mildly increased APOEA4 cellular level, and daidzein blandly
reduced its expression but all the rest of the test compound,
respectively, showed to have no effect (Figure 3C).

The individual test compounds differently affected
APOE gene expression in HNDF and fibroblasts from
young and old AD donors, when cultured under
inflammatory conditions (i.e., in the presence of 50 pg/ml
IL1B) compared to ILI1p treated cells control (set up at
100%). As such, in HNDF most of the test compounds
stimulated APOE gene expression (i.e., 47%-424%),
except for vitamin E and inositol, which inhibited APOE
gene expression by about 23% and 83%, respectively, and
phosphatidylserine, which showed no effect. Also, in cells
derived from a young AD donor, most of the compounds
up-regulated APOE gene expression, except for-daidzein,
which inhibited APOE gene expression by about 68%,
respectively. Phosphatidylserine, inositol, and choline had
no effect when compared to IL1p treated control. Yet, the
same test compounds displayed different effects in the
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cells derived from an old AD donor. Here, interestingly,
the compounds that inhibited APOE gene expression were
soybean isoflavones, genistein, and inositol (i.e., 64%,
20%, and 30%, respectively), whereas vitamin C, chaste
tree extract, rosemary extract, and choline up-regulated
APOE gene expression (i.e., 56%, 41%, 106%, and 46%,
respectively). The rest of the test compounds (i.e.,
daidzein and phosphatidylserine) did not show any effect.
Western blot revealed that the level of APOE protein in
young AD cells co-treated with ILIB and the test
compound, respectively, did not always correlate with
results obtained from RT-qPCR (compare Figure 3B and
Figure 3C). As such, genistein that strongly activated
APOE gene expression, did not show a difference with

APOE protein expression level from IL1f induced control.

Similarly, vitamin C, which up-regulated APOE gene
expression, showed no effect on APOE protein level.
Daidzein markedly inhibited APOE gene expression
and reduced APOE protein to the level corresponding
to untreated control (Figure 3C). Moreover,
phosphatidylserine, inositol, and choline, that showed no
effect on APOE gene, also did not show any effect on
APOE protein cellular content. Co-treatments of cells
from an old AD donor with IL1B and test compounds,
revealed APOE gene expression and APOE protein
cellular levels with all these compounds, except for
choline-showed to be indifferent. Interestingly, similarly,
in HNDF, vitamin C, genistein, which up-regulated APOE
gene expression, and phosphatidylserine that demonstrated
no effect, have shown to inhibit APOE protein level in
cells. Inositol, which inhibited APOE gene expression,
visibly increased APOE protein level. Choline mildly
augmented APOE gene expression and caused the APOE
molecule level to strongly increase, while daidzein up-
regulated APOE gene expression and showed to have no
significant effect on APOE protein level.

Consistently, we also checked the status of Tau protein
level in the cells (Figure 3C). Here, we noticed two bands

corresponding to ~ 50 kDa and ~ 48 kDa upon treatment
with IL1p in a young AD cell line, but not in an old AD
cell or HNDF. Tau protein level in young and old AD
cells was higher than in HNDF upon treatment with IL13
as well. In addition, with IL1p treatment, the Tau protein
level was elevated in young AD cells and more
profoundly in cells from an old AD donor, but not in
HNDF where Tau protein detection was barely achievable.
Moreover, all test compounds, except phosphatidylserine
decreased its cellular level in young AD cells. Compounds
such as genistein and daidzein showed to have the same
decreasing effect on Tau level in old AD cells, but vitamin
C, phosphatidylserine, inositol, showed to have no effect
and choline increased Tau expression. However, in HNDF,
daidzein and phosphatidylserine together with inositol and
choline increased Tau protein level, while vitamin C and
genistein had no effect.
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Figure 3. A: Status of CSF gene expression upon treatment with 50
pg/ml of IL1B only in AD fibroblasts and HNDF after 12h incubation.
Significant differences between treatment and control are presented as *
p < 0.001; control - 0.01% DMSO
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Figure 3. C: Western blot analysis of APOE, APOE4, and Tau proteins upon co-treatment of cells with 50 pg/ml of IL1p and 1.0 pg/ml of selected

agents for 48h, respectively, as described in Materials and Methods section

4. Discussion

We evaluated the effects of selected natural compounds
on APOE gene and protein expression in relation to AD
using skin fibroblasts derived from young and old female
AD patients in parallel with normal HNDF, under regular
and pro-inflammatory conditions, and evaluated the
outcome relevant to this pathology. In general, we
observed that the profiles of APOE gene expression
differed and were cell type specific, as well as dependent
on the applied test compound and the regular or pro-
inflammatory conditions. For example, vitamins C and E
had strong inhibitory effect on the relative amount of
APOE gene transcripts in all studied cell lines cultured in
normal conditions, whereas the same vitamins have
differential effect on the cell lines under inflammatory
conditions, e.g., vitamin C up-regulated APOE gene in all
tested fibroblasts, whereas vitamin E up-regulated it in
fibroblasts from a young AD donor, but not in cells from
an old AD donor or HNDF.

Interestingly, in some instances we observed that
changes of APOE at mRNA level upon treatment with
individual test compounds, did not always positively
correlate with APOE protein levels. As an example, upon
treatment with vitamin C, a compound widely investigated
in relation to its role as an antioxidant and endogenous
neuromodulator, [46,55] no significant differences were
observed in APOE protein levels in all tested cell lines
cultured in normal conditions (compare Figure 2A and
2B). That also applied to its APOE4 isoform, but not Tau
protein, whose levels were altered upon vitamin C
treatment. Yet, in HNDF cultured under inflammatory
conditions vitamin C reduced the level of APOE, while
not affecting the APOE4 isoform. The inverse correlation
between expression of APOE gene and the APOE protein
level was also very noticeable in the presence of other test
compounds such as genistein and phosphatidylserine in
cells from young and old AD donors under non-
inflammatory conditions. Interestingly, however this
difference again was not observed at the levels of APOE4
isoform. Less surprisingly, in normal HNDF, correlation
between APOE protein level and expression of APOE gene
was noticed upon treatment with test compounds, except for
vitamin C as well as inositol and choline. These two last
compounds reduced APOE molecule level. Interestingly
however, SERM compound daidzein as well as

phosphatidylserine and inositol markedly decreased Tau
protein levels in both AD cell lines. The same compounds,
though, increased Tau protein content in HNDF.

An even more interesting outcome was achieved when
these studied cells were cultured in inflammatory
conditions. For example, phosphatidylserine decreased
APOE protein content in HNDF, although no such effect
was revealed at its MRNA level, and the levels of APOEA4.
Also, inverse correlation between mRNA and APOE
protein expression was detected upon treatment with
genistein, and upon inositol treatment, which shows that it
inhibited APOE gene expression while APOE protein had
a substantial increase compared to IL1B induced control.
Strong correlation was observed in fibroblasts derived
from a young AD donor with daidzein that decreased
APOE gene expression and APOE protein level, and
mildly diminished APOE4 isoform expression (compared
with IL1f induced control). In fibroblasts from an old AD
donor only choline showed increasing effect on APOE
gene expression with modest inhibition of the APOE
molecule and no effect on its APOE4 form.

The inverse correlation between the number of APOE
transcripts expression and APOE protein levels in the
central nervous system (CNS) has been described. For
example, Gottschalk et al. reported augmented levels of
APOE mRNA in postmortem brain tissues of AD patients
compared to control tissue samples. However, studies
analyzing APOE protein levels in the CNS proved to be
inconstant by showing either higher, lower, or unchanged
levels of APOE protein in cerebrospinal fluid of AD
patients compared to healthy individuals. [56, 57, 58, 59,
60] This demonstrates the difficulty in correlating APOE
mRNA with APOE protein levels. The differences can be
attributed, but not limited to protein accumulation in the
cytoplasm, post-translational modifications such as
lipidation, the lag time difference in measuring
transcriptional and translational response and its relation
to circadian rhythm, and/or by APOE post-transcriptional
control of gene expression. [61] Moreover, APOE
molecules are found in different subcellular compartments
such as the nucleus, mitochondria, and mitochondrial ER-
associated membranes (MAMSs), where the synthesis of
phospholipids occurs. [62] However, nuclear localization
signals (NLS) or mitochondria localization signals (MLS)
in APOE protein have not yet been found, [5] thus we
could speculate that it is possible that the mRNA of the
APOE gene could be transported to the cell target
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compartments for its subsequent rapid, on-site translation
according to the cell biological needs. [63]

Since loss of female sex hormones (estrogens) together
with APOE4 homozygosity are important risk factors for
AD development in post-menopausal women, our findings
that compounds known as SERMs (i.e., genistein and
daidzein), affect APOE gene expression, is encouraging.

Interestingly, in this work we found out that in the
absence of IL1B, genistein and daidzein have cell specific
effect on APOE gene transcription in cells derived from a
young and old AD patient. In cells from a young AD
patient, both genistein and daidzein inhibited APOE gene
expression, but in old AD donor cells genistein down-
regulated APOE gene expression and daidzein up-
regulated it. It is worth noticing that in normal HNDF the
APOE gene expression pattern was similar under genistein
and daidzein treatments. Other natural substances like
chaste tree extract, contain phytoestrogens mimicking
endogenous estrogen function, thus reports about its
alleviating menstrual pain can be found. [64] Our study did
not focus on specific cellular mechanisms but since SERMs
are ligands, like estrogen (E2), of ERa or ERp, they induce
specific conformational changes of the liganded ER-
coactivator complex, thus, activating or repressing
transcriptional and non-genomic estrogenic responses.
Importantly, the outcome of these responses is specific
depending on the cell type or tissue’s relative content and
expression of nuclear receptors and their coactivators
(SRC1, SRC2 and/or SRC3) within the cell. [40,65]

Regarding the effects of phosphatidylserine, inositol,
and choline on normal HNDF cells cultured in non-
inflammatory conditions, we only noticed significant
inhibitory effect of phosphatidylserine on APOE at mMRNA
level and the protein level (Figure 2A, and Figure 2B),
without any effect on APOE4 isoform. Although inositol
and choline did not reveal any effect on APOE gene
expression, it was noticed that they significantly inhibited
APOE protein, with APOE4 isoform largely unaffected.
Interestingly, in cells from a young donor we observed
that both phosphatidylserine and inositol inhibited APOE
at MRNA and the protein level while phosphatidylserine
had a stimulatory effect on APOE protein and inositol had
an inhibitory effect. Moreover, no effect on the levels of
APOE4 isoform was observed. In fibroblasts from an old
AD donor, phosphatidylserine down-regulated APOE gene
expression, whereas choline increased its expression and
inositol did not change it. At the protein level, all these
compounds elevated APOE but not APOE4. In pro-
inflammatory conditions, none of these compounds
revealed a profound effect. Interestingly, a modest
increase in APOE4 molecule was observed in a young AD
cell upon treatment with IL1p, but a co-treatment with all
test compounds, respectively, did not affect its level. It is
worth noticing that in normal HNDF, inositol hexa-
phosphate inhibited the IL1J3 induced APOE gene
expression, and increased APOE protein levels in the cell
extracts. However, these effects of inositol at the protein
level were not observed in AD patients’ cells suggesting a
possible regulation of phospholipid metabolism under
stress conditions. [66]

Since microtubule associated protein Tau (MAPT) is an
important biomarker of AD and its association with APOE
is known, we included testing our selected groups of

natural compounds on the Tau protein expression. The
western blots probed with anti-Tau (2N4R) antibody,
produced a band of 50 kDa (i.e., the projected molecular
weight) in young AD, old AD, and HNDF cultured in
non-inflammatory conditions. In cells from a young AD
donor, a Tau level decreased, upon treatment with all
tested compounds, except for vitamin C, genistein, and
choline, but its almost complete abolishment was obtained
with daidzein and phosphatidylserine, respectively. In
cells from an old AD donor a Tau 50 kDa band was
observed in non-treated cells upon vitamin C and genistein,
which augmented Tau level in the cell extracts, but
inositol and choline had markedly inhibitory effect. In
HNDF, vitamin C decreased the level of Tau, in contrast
to the rest of test compounds, which increased its cellular
level. Interestingly, in pro-inflammatory conditions,
increased level of Tau protein upon treatment with 11 was
observed only in cells from AD donors. In addition, in a
young AD cell line, two bands of around 50 kDa or less
were detected, as opposed to the old AD cell line and
HNDF, where only one expected 50 kDa band was spotted.
We did not explore this issue in more detail; however, it
could be due to degradation or phosphorylation status Tau.
In the same young AD cells, vitamin C, genistein,
daidzein, inositol, and choline inhibited Tau protein level,
but in old AD cells, genistein, daidzein, and
phosphatidylserine revealed similar inhibitory effects
compared to IL1pB induced control. In contrast, in HNDF
Tau has been elevated by daidzein as well as
phosphatidylserine, inositol, and choline, but not by
genistein. Thus, this data provides evidence for a
promising effect of genistein and daidzein as an agent
inhibiting Tau protein expression in AD cells lines under
pro-inflammatory conditions.

Summary: We have characterized fibroblasts from a
young AD donor, an old AD donor and normal HNDF, in
their response to selected natural compounds including
vitamins, isoflavones (known as selective estrogen
receptor modulators or SERMs) and precursors of the
phospholipid synthesis, such as inositol hexa-phosphate,
and choline, including the main membrane structural
phospholipid, phosphatidylserine. The effects of test
compounds were evaluated on the APOE gene
transcriptional level and the protein expression of the AD
biomarkers such as APOE, APOE4 and the microtubule
associated protein Tau. The studies were performed under
non-inflammatory and pro-inflammatory conditions (in
the absence of or the presence of cytokine IL1f). The
effects of the natural compounds were cell specific in their
response to modulate the APOE gene transcription or
APOE, APOE4 and Tau protein content in the total
cellular extracts, and dependent on the state of the cells
(non-inflammatory versus pro-inflammatory conditions).
Our work demonstrated that APOE and Tau differentially
responded to various nutritional stimuli, whereas APOE4
isoform was insensitive to these compounds’ treatment
(except for daidzein) and support the hypothesis that
APOE4 carriers may have diminished response due to
lower content of APOE and/or APOE4 loss of function.
[67]. Our study indicates that daidzein and inositol
warrant further investigations due to their promising
activities relevant in AD.
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